The quality of cotton fiber is determined by its final length and strength, which is a function of primary and secondary cell wall deposition. Using a comparative proteomics approach, we identified 104 proteins from cotton ovules 10 days postanthesis with 93 preferentially accumulated in the wild type and 11 accumulated in the fuzzless-lintless mutant. Bioinformatics analysis indicated that nucleotide sugar metabolism was the most significantly upregulated biochemical process during fiber elongation. Seven protein spots potentially involved in pectic cell wall polysaccharide biosynthesis were specifically accumulated in wild-type samples at both the protein and transcript levels. Protein and mRNA expression of these genes increased when either ethylene or lignoceric acid (C24:0) was added to the culture medium, suggesting that these compounds may promote fiber elongation by modulating the production of cell wall polymers. Quantitative analysis revealed that fiber primary cell walls contained significantly higher amounts of pectin, whereas more hemicellulose was found in ovule samples. Significant fiber growth was observed when UDP-L-rhamnose, UDP-D-galacturonic acid, or UDP-D-glucuronic acid, all of which were readily incorporated into the pectin fraction of cell wall preparations, was added to the ovule culture medium. The short root hairs of Arabidopsis uer1-1 and gae6-1 mutants were complemented either by genetic transformation of the respective cotton cDNA or by adding a specific pectin precursor to the growth medium. Cell elongation and expansion contribute significantly to the growth and morphogenesis of higher plants. Cotton (Gossypium hirsutum) fibers are single cells that differentiate from the outer integuments of the ovule. Cotton lint (the industrial name for fiber) is the most prevalent natural raw material used in the textile industry, so its production plays a significant role in the global economy. The number of fibers present on each ovule (cotton productivity), the final length, and the strength of each fiber (fiber quality) are determined by four separable biological processes: fiber initiation, elongation (primary cell wall synthesis), cell wall thickening (secondary cell wall deposition), and maturation. The fiber initiation stage occurs from 3 days prior to anthesis to 3 days postanthesis (dpa) 1 and is characterized by the enlargement and protrusion of epidermal cells from the ovule surface. During the fiber elongation period (5-25 dpa), cells demonstrate vigorous expansion with peak growth rates of Ͼ2 mm/day until the fibers reach their final dimensions (1-3). In the secondary cell wall deposition phase
Cell elongation and expansion contribute significantly to the growth and morphogenesis of higher plants. Cotton (Gossypium hirsutum) fibers are single cells that differentiate from the outer integuments of the ovule. Cotton lint (the industrial name for fiber) is the most prevalent natural raw material used in the textile industry, so its production plays a significant role in the global economy. The number of fibers present on each ovule (cotton productivity), the final length, and the strength of each fiber (fiber quality) are determined by four separable biological processes: fiber initiation, elongation (primary cell wall synthesis), cell wall thickening (secondary cell wall deposition), and maturation. The fiber initiation stage occurs from 3 days prior to anthesis to 3 days postanthesis (dpa) 1 and is characterized by the enlargement and protrusion of epidermal cells from the ovule surface. During the fiber elongation period (5-25 dpa), cells demonstrate vigorous expansion with peak growth rates of Ͼ2 mm/day until the fibers reach their final dimensions (1) (2) (3) . In the secondary cell wall deposition phase (20 -45 dpa) , cellulose biosynthesis predominates until the cells contain ϳ90% cellulose. In the final maturation stage (45-50 dpa), fibers undergo dehydration and become mature cotton lint.
Cotton fibers also serve as an excellent single celled model for studying fundamental biological processes, including cell elongation and differentiation (4 -6) . Using cDNA microarray hybridization data obtained from 11,692 cotton fiber UniESTs, we previously identified 778 cDNAs that are preferentially expressed during the fast fiber elongation period (7) . Among them, 162 fiber-preferential genes were mapped to 102 metabolic events with ethylene biosynthesis and fatty acid biosynthesis/chain elongation being the most significantly upregulated processes. Systematic studies showed that a large number of genes encoding nonspecific lipid transfer proteins and enzymes that are involved in various steps of fatty acid chain elongation are highly up-regulated during early fiber development, indicating that biosynthesis of saturated verylong-chain fatty acids and/or their transport may also be required for fiber cell growth (3, (7) (8) (9) (10) (11) . Exogenously applied lignoceric acid (C24:0) in the ovule culture medium promotes significant fiber cell growth, possibly by activating the transcription of several 1-aminocyclopropane-1-carboxylic acid oxidases involved in ethylene biosynthesis (12) . To date, biochemical reactions downstream of ethylene signaling that lead to cell elongation have not been reported. Two-dimensional gel electrophoresis (2-DE) coupled with MALDI-TOF MS has recently been used to study brassinosteroid signal transduction pathways (13) and to decipher complex metabolomics data obtained from abiotic stresses in Arabidopsis and in rice (14, 15) . Here we found that the biosynthesis of a specific subset of carbohydrates, including UDP-Rha, UDP-GlcA, and UDP-GalA, required for pectic polymer production, was significantly activated in developing fiber cells. Genetic studies using a series of Arabidopsis mutants with defects in UDP-Rha and UDP-GalA biosynthesis or in control of upstream regulatory components confirmed the importance of these two metabolic steps for both cotton fiber and Arabidopsis root hair growth.
EXPERIMENTAL PROCEDURES
Plant Materials-Upland cotton (G. hirsutum L. cv. Xuzhou 142) and the fuzzless-lintless (fl) mutant, originally discovered in the Xuzhou 142 cotton field in China (16) , were grown in an artificial soil mixture in fully climate-controlled walk-in growth chambers. Bolls excised from cotton plants at the indicated growth stages were dissected in a laminar flow hood to obtain intact ovules. Cotton materials were frozen and stored in liquid nitrogen immediately after harvest until use for protein and RNA extractions. All Arabidopsis plants, including three mutant lines in the Col genetic background (ein2-5; At uer1-1, SALK_100812; At gae6-1, SALK_104454C) and the cut1 mutant in the Ler genetic background, were grown in fully automated growth chambers as described (17) .
Protein Extraction and Purification-Plant tissues were ground in liquid nitrogen using a mortar and pestle. Fine powder was produced at Ϫ20°C with 10% (w/v) trichloroacetic acid in cold acetone containing 0.07% (w/v) 2-mercaptoethanol for at least 2 h. After centrifugation at 20,000 ϫ g for 1 h, the pellet was washed first with cold acetone containing 0.07% (w/v) 2-mercaptoethanol and then with 80% cold acetone and finally suspended in a lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 20 mM dithiothreitol), and the soluble fraction was purified using the 2-D Clean-Up kit (GE Healthcare). Protein concentration was determined with a 2-D Quant kit (GE Healthcare).
Two-dimensional Gel Electrophoresis-2-DE was performed as described (18, 19) . Total cotton ovule proteins (100 g or 1.5 mg) were applied for silver-or Coomassie-stained gels, respectively. Isoelectric focusing was performed with the IPGphor system (GE Healthcare). Immobiline pH 4 -7 and 3-10, 24-cm linear DryStrips (GE Healthcare) were run at 30 V for 8 h, 50 V for 4 h, 100 V for 1 h, 300 V for 1 h, 500 V for 1 h, 1000 V for 1 h, and 8000 V for 12 h using rehydration buffer (8 M urea, 2% CHAPS, 20 mM DTT) containing 0.5% (v/v) IPG Buffer (GE Healthcare). SDS-PAGE was performed using 12.5% polyacrylamide gels without a stacking gel in the Ettan Daltsix Electrophoresis Unit 230 (GE Healthcare). Gels were stained with 0.04% (w/v) PhastGel Blue R (Coomassie Brilliant Blue R-350; GE Healthcare) in 10% acetic acid and destained with 10% acetic acid or were silver-stained using a Hoefer Automated Gel Stainer apparatus. Images of the gels were scanned by a PowerLook 2100XL (UMAX) and analyzed using ImageMaster 2-DE Elite (version 4.01, Amersham Biosciences). Protein samples were prepared in triplicate using different plant materials for each 2-DE image.
Protein Identification by MALDI-TOF/TOF MS-Differentially expressed proteins were excised and digested with trypsin essentially as reported (20) . Mass spectra were recorded on an Ultraflex MALDI-TOF/TOF mass spectrometer (Bruker Daltonik GmbH) using the FlexControl 2.2 software (Bruker Daltonik GmbH). TOF results were analyzed by FlexAnalysis 2.2 (Bruker Daltonik GmbH), peaks with S/N Ͼ100 were selected as precursor ions that were accelerated in TOF1 at a voltage of 8 kV and fragmented by lifting the voltage to 19 kV. Both MALDI-TOF and MS/MS spectra were processed by FlexAnalysis 2.2 (Bruker Daltonik GmbH) and were searched using MASCOT 2.1.0 (Matrix Science). All spectra were searched against the in-house National Center for Biotechnology Information non-redundant (NCBInr) database (release date, June 10, 2008; including 6,573,034 sequences, 2,244,863,856 residues) with species restriction to Viridiplantae (green plants) (483,288 sequences) and a cotton EST database downloaded from NCBI "EST others" (release date, January 22, 2009; including 369,596 sequences, 254,288,404 residues) (p Ͻ 0.05). We used the following parameters for the search: S/N Ն 3.0; fixed modification, carbamidomethyl (Cys); variable modification, oxidation (Met); maximum number of missing cleavages, 1; MS tolerance, Ϯ100 ppm; and MS/MS tolerance, Ϯ0.7 Da. The ion cutoff score was 51 (p Ͻ 0.01, E Ͻ 0.01) following a published protocol (21) .
Protein Identification by Nano-LC-FTICR MS-Several identified protein spots deemed potentially important were further analyzed using nano-liquid chromatography-Fourier transform ion cyclotron resonance-mass spectrometry (nano-LC-FTICR MS) techniques as described (22) . Trypsin-digested peptides were dissolved in 0.1% formic acid and separated by a nano-LC system (Micro-Tech Scientific) that was equipped with a C 18 reverse-phase column using 0 -50% acetonitrile gradient in 0.1% formic acid at a constant flow rate of 400 nl/min in 120 min. Mass spectra were recorded on a 7-tesla FTICR mass spectrometer (Apex-Qe, Bruker Daltonics). Data were acquired in data-dependent mode using ApexControl 1.0 software (Bruker Daltonics). The MS/MS spectra were processed by DataAnalysis 3.4 (Bruker Daltonics) with S/N Ն4.0 and searched against the in-house cotton EST database using the Mascot 2.1.0 search engine (Matrix Science). Fixed and variable modifications were specified as described under "Protein Identification by MALDI-TOF/ TOF MS." Maximum number of missing cleavages was set to 1. MS tolerance was Ϯ5 ppm, and MS/MS tolerance was Ϯ15 millimass units. The ion cutoff score was 41 (p Ͻ 0.01, E Ͻ 0.01). The criteria for positive identification we used result in less than 5% false positives at the protein level as determined by searching a target-decoy database constructed with shuffled sequences in the decoy. The false-positive rate was calculated as follows: 2 ϫ decoy hits/total hits (23) .
Analysis of Full-length Cotton cDNAs-To obtain putative fulllength cotton cDNAs, all 375,441 cotton ESTs available from NCBI (http://www.ncbi.nlm.nih.gov/Genbank/) as of April 10, 2009 were downloaded. Putative full-length cDNA sequences were obtained on a Linux operating system using the local cotton EST database, the BLAST results, and the CAP3 sequence assembly program (24) . When a putative full-length cDNA was not available in our cDNA collection, we used rapid amplification of 5Ј or 3Ј cDNA ends (RACE) (17) to recover the missing sequences. The entire coding region with any available upstream and downstream sequences was amplified again to confirm that the RACE products were assembled correctly from a single gene and not from a chimeric gene sequence of the A and D subgenomes. All full-length cDNAs were verified by sequencing the corresponding clone from a cotton cDNA library that was constructed using RNA extracted with the hot borate method (25) . We used guanidine hydrochloride (final concentration, 6 M) as the denaturant and 1% polyvinylpyrrolidone to remove major phenolic compounds from cotton ovule or fiber cells. The quality of the library was verified because putative open reading frames were found in more than half of the genes related to plant hormone biosynthesis (7) .
Identification of Fiber-preferential Biochemical Pathways-The software KOBAS, which stands for Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology-based Annotation System (26), was used to identify biochemical reactions involved in cotton fiber development and to calculate the statistical significance of each step. This program assigns a given set of genes to pathways by first matching the genes to similar genes (as determined by a BLAST similarity search with cutoff E values Ͻ1 ϫ 10 Ϫ6 , rank Ͻ5, and sequence identity Ͼ55%) in known pathways in the KEGG database. We ranked pathways (or biochemical events) by statistical significance to determine whether a pathway contained a higher ratio of fiber-preferential proteins among all Arabidopsis proteins mapped to the same pathway. Because a large number of pathways were involved, we implemented FDR correction to control the overall Type I error rate of multiple testing using GeneTS (2.8.0) in the R (2.2.0) statistics software package. Pathways with FDR-corrected p values Ͻ0.001 were considered statistically significant.
RT-PCR and Quantitative Real Time RT-PCR (QRT-PCR)-
Cotton ovules harvested at specific growth stages were first frozen in liquid nitrogen before RNA extraction using a modified hot borate method (25) . Total RNA was extracted from wild-type or fl mutant cotton materials after various treatments, and cDNA was reverse transcribed from 5 g of total RNA. Primers for QRT-PCR analysis are listed in supplemental Table 1 . All PCR experiments were performed in triplicate using independent RNA samples prepared from different cotton or Arabidopsis materials. Cotton UBQ7 (NCBI accession number AY189972) and Arabidopsis UBQ5 (At3g62250) were used as internal controls for PCR experiments using the respective plant materials.
Preparation of Antiserum against UER1 and Western Blotting-Gh UER1-specific antibody was produced from rabbit using a synthesized polypeptide, KESLIKYVFEPNKKT, derived from the C terminus of UER1, which was identified commercially using Peptide-Antigen Finder software (Chinese Peptide Corp.). Western blotting experiments were performed as reported previously (27) .
Extraction, Separation, and Analysis of Cell Wall Polymer Fractions-Either 10-dpa cotton fiber cells or ovules (5-g fresh weight) were ground in liquid nitrogen using a mortar and pestle. The fine powders were washed with 70% aqueous ethanol and pelleted by centrifugation at 10,000 ϫ g for 15 min. The resulting pellet was washed with a 1:1 (v/v) mixture of chloroform and methanol and was then washed twice with acetone before drying in a SpeedVac vacuum system (Savant Instruments). Starch contaminants were removed by successive treatments with ␣-amylase (5 units/mg of cell wall; overnight at room temperature) (Sigma-Aldrich) and dimethyl sulfoxide (1 ml/mg of cell wall; overnight at room temperature). Pectin fractions were obtained by first boiling the cell wall pellets three times in 50 mM EDTA (pH 6.8; 10 min each) and then extracting three times at room temperature for 12 h in 50 mM Na 2 CO 3 containing 1% NaBH 4 . Hemicelluloses were successively extracted from remnant cell wall pellets in 1 M (three times) and 4 M (three times) KOH containing 1% NaBH 4 at room temperature for 12 h each time. The alkali fractions were neutralized with acetic acid. All six pectin and hemicellulose extracts were combined respectively and dialyzed extensively in dialysis tubing (1000-Da cutoff) against water. Both fractions were then concentrated using a Stirred Ultrafiltration Cell (Millipore) equipped with ultrafiltration membranes (1000-Da limit; Millipore), lyophilized to dryness, and weighed. The Updegraff assay (28) was used to determine relative cellulose content in the remaining cell wall pellets to deduce the amount of "other unidentified cell wall components" (called "others").
Analysis of Cell Wall Monosaccharide Composition-Starch-free total cell wall materials, purified pectin, and hemicellulose were subjected to 2 M TFA at 120°C for 2 h to produce monosaccharides. The neutral monosaccharides were converted into alditol acetates, whereas uronic acids were derivatized by trimethylsilyl methoxime before GC/MS analysis (29, 30) . Briefly, different fractions were run on a GC/MS instrument (6890N-5975B, Agilent Technologies) with helium as the carrier gas to determine their sugar composition. In Vitro Expression and Purification of Enzymes-Putative fulllength cotton UER1, UGD1, UGP1, UGP2, and GAE3 cDNAs were cloned into pET28a to produce pET28a-GhUER1, pET28a-GhUGD1, pET28a-GhUGP1, pET28a-GhUGP2, and pET28a-GhGAE3, respectively. The plasmids were separately transformed into Escherichia coli BL21 (DE3) pLysS cells and were cultured at 37°C with vigorous shaking in liquid LB medium containing 50 g/ml kanamycin. Isopropyl 1-thio-␤-D-galactoside was added to the culture to a final concentration of 0.4 mM when the cells reached an A 600 of 0.6 -0.8. The cells were harvested by centrifuging at 5000 ϫ g for 20 min at 4°C after 4 h of additional incubation at 37°C. The pelleted cells were resuspended in the binding buffer (50 mM Tris-HCl, 0.5 M NaCl, 1% Triton X-100, pH 8.0) and sonicated briefly before centrifugation at 10,000 ϫ g for 10 min at 4°C. The supernatant was loaded on a nickel-charged His-Bind column according to the instructions provided by the manufacturer (Novagen) and purified by gel filtration on a Superdex 200 column (GE Healthcare).
Production of Nucleotide Sugars-UDP-4-keto-6-deoxyglucose (UDP-4K6DG) and UDP-Rha were enzymatically synthesized in our laboratory as neither is commercially available. UDP-4K6DG was synthesized using 20 g of in vitro expressed RHM-N369 (31) , and then the enzyme products were separated and purified by HPLC. UDP-Rha was synthesized by adding 20 g of in vitro expressed UER1 to the reaction mixture (final volume, 0.5 ml) containing 6 mM NADPH and 3 mM UDP-4K6DG. For production of UDP-Glc, 20 g of purified UGP1 or UGP2 was added separately to reaction mixtures containing 3 mM UTP, 3 mM glucose 1-phosphate, and 3 mM MgCl 2 . For UDP-GlcA production, 20 g of purified UGD1 was added to the reaction mixture containing 6 mM NAD ϩ and 3 mM UDP-Glc. For UDP-GalA production, 20 g of purified GAE3 was added to the reaction mixture containing 3 mM UDP-GlcA. All reactions were incubated at 30°C for 2 h in Na 3 PO 4 buffer (pH ϳ7.0) and were stopped by adding 1 ⁄3 volume of CHCl 3 .
HPLC Separation and GC/MS Identification-The water-soluble fractions obtained above were filtered with 0.22-m filters (Millipore) and analyzed on an HPLC1200 series instrument (Agilent Technologies) at 40°C using a ZORBAX Eclipse XDB-C 18 column (0.46 ϫ 15 cm; Agilent Technologies), monitored using a UV detector at 254 nm (32) , and further identified by GC/MS as specified in the Analysis of Cell Wall Monosaccharide Composition section.
Ovule Culture and Chemical Treatment-UDP-Glc, UDP-GlcA, Rha, GlcA, and GalA were purchased from Sigma-Aldrich; UDP-GalA and UDP-Xyl were purchased from CarboSource Services. Cotton ovules (1 dpa) were collected, sterilized, and cultured in medium containing either 5 M nucleotide sugars, free sugars, or C24:0 (Sigma-Aldrich) or 0.1 M gaseous ethylene (99.9%; Qianxi Chemicals) in the head space at 30°C in darkness. C24:0 was first dissolved in methyl tert-butyl ether (Ͼ99.0%) to 10 mM before being added to the culture to the final concentration as reported previously (12) . All nucleotide or free sugars were first dissolved in double distilled H 2 O to 5 mM and sterilized by passing through a 0.22-m MILLEX filter (Millipore) before being diluted to specific concentrations in the culture medium. Where applicable, 1 M ethylene perception inhibitor L-(2-aminoethoxyvinyl)glycine hydrochloride (AVG; Ͼ95.0%; Sigma) was also added to the ovule culture medium. The lengths (in mm) of the acidic water-straightened halo of fiber cells around each ovule (7) were measured manually under a dissecting microscope.
Uptake and Quantification of 14 C-Labeled Chemicals in Cotton Samples-
14 C-Labeled UDP-GlcA, UDP-Xyl, and UDP-Glc were purchased from PerkinElmer Life Sciences. We enzymatically synthesized 14 C-labeled UDP-Rha using 14 C-labeled UDP-Glc in essentially the same way as reported under "Production of Nucleotide Sugars" because it is not commercially available. Cotton ovules were cultured in the same medium containing 1.66 nmol each of 14 C-labeled UDPRha (0.5 Ci), UDP-GlcA (0.3 Ci), or UDP-Xyl (0.24 Ci) separately for 6 days. Ovules were harvested and washed in double distilled H 2 O three or four times until negligible amounts of the added radioactivity could be found in the wash. Total cell walls were isolated from cultured ovules, hydrolyzed thoroughly, and neutralized by exhaustive dialysis against double distilled H 2 O before the radioactivity measurement. Pectins and hemicelluloses were extracted from cultured wild-type or fl ovules to determine the efficiency of chemical incorporation as described above.
Genetic Transformation of Arabidopsis, Molecular Characterization, and Root Hair Length Measurements-The cotton UER1 (Gh UER1c) and GAE3 (Gh GAE3c) cDNAs or the respective Arabidopsis genomic sequences (At UER1g and At GAE6g) were cloned under the control of the 1824-bp At UER1 or 2002-bp At GAE6 upstream promoter sequences and transformed into the homozygous uer1-1 or gae6-1 knock-out mutant lines. Genomic DNA was isolated using the DNeasy Plant kit (Qiagen), and 10 g was digested with HindIII or BamHI and blotted for hybridization using a digoxigenin-labeled neomycin phosphotransferase II (NPTII) probe with the primers specified in supplemental Table 1 .
For observation and measurements of root hairs, we followed a previously described method (33) and photographed the samples at 320ϫ magnification using a stereomicroscope (Leica MZ APO). Fully grown hairs in the same root range (0.80 mm from the hair maturation region) were evaluated; we measured the lengths of six consecutive hairs protruding from each side of the primary roots. For each treatment or genotype, 15 roots with a total of 90 root hairs were scored.
Statistical Analysis-Whenever applicable, all data were evaluated by one-way analysis of variance software combined with Tukey's test to obtain p values.
RESULTS

Identification of Proteins and Significantly Up-regulated
Biochemical Reactions in Wild-type Cotton Ovules-Comparative proteomics was carried out using cellular proteins extracted from 10-dpa cotton bolls (wild-type cv. Xuzhou 142) and the fl mutant (Fig. 1A) . This particular mutant was used in an early microarray analysis that found the key importance of ethylene during cotton fiber cell elongation (7) . As a result, about 1570 independent protein spots were observed on 2-DE gels of pH 4 -7 and 3-10 with 103 spots present in significantly higher amounts (p Ͻ 0.05) in wild-type samples (supplemental Fig. 1 ; parts of the gels with pH 4 -6.8 and 6.7-9 are shown). These 103 spots were excised, enzymatically digested, and subjected to MALDI-TOF MS identification. We identified 93 wild-type up-regulated polypeptides (Table I and supplemental Spectra 1), whereas eight of the spots (indicated by empty arrowheads in supplemental Fig. 1 ) could not be identified after repeated efforts. The two remaining spots (indicated by circles) that were more abundant in gels containing wild-type samples upon silver staining were not found after Coomassie Blue R-350 staining and thus were not subjected to MALDI-TOF MS analysis. Eleven wild-type down-regulated proteins, labeled from 94 to 104 in supplemental Fig. 1 , were also identified. As indicated by the experimental pI and molecular mass in Table I , every protein came from a different spot in the proteome, and all identified polypeptides showed the best match to the corresponding cotton cDNA. Putative full-length cDNAs were obtained for all but one spot (FJ415211, spot 22) to reconfirm the newly identified cotton proteins (Table I ). All identified peptide sequences are listed in supplemental Table 2 .
Of the 104 identified proteins, 81 had E values higher than the cutoff in the KEGG pathway database, so they were subjected to KOBAS analysis. Nine biochemical pathways were found to be significantly up-regulated (FDR-corrected p Ͻ0.001) during the fiber elongation period. Nucleotide sugar metabolism, which leads to cell wall polysaccharide biosynthesis, was ranked number one (supplemental Table 3 ).
Seven up-regulated proteins related to nucleotide sugar metabolism were further characterized by nano-LC-FTICR-MS or in some cases MALDI-TOF/TOF MS. Spots 32 and 33 were encoded by the same UDP-4-keto-6-deoxy-Dglucose 3,5-epimerase 4-reductase 1 gene (UER1), spots 79 and 80 were encoded by UDP-D-glucose pyrophosphorylase 1 (UGP1), spot 78 was encoded by UGP2, and spots 81 and 83 were encoded by the same UDP-D-glucose dehydrogenase 1 gene (UGD1) (supplemental Fig. 2 and supplemental Spectra 2). All four of these proteins were preferentially accumulated in wild-type proteomes (Fig. 1, B-D , upper panels) with significantly more transcripts found in fast elongating fibers as determined by QRT-PCR (Fig. 1, B-D , lower panels; see supplemental Table 1 for primer sequences). To confirm the strong expression of UER1 protein in wild-type 10-dpa cotton fibers, we performed Western blotting using antibodies produced from a synthesized polypeptide KESLIKYVFEPNKKT of UER1 (Fig. 1E) . The cDNAs of full-length cotton UER1, UGD1, UGP1, and UGP2 were amplified using primers reported in supplemental Table 1 before being cloned into pET28a upon sequence verification to produce pET28a-GhUER1, pET28a-GhUGD1, pET28a-GhUGP1, and pET28a-GhUGP2, respectively, with His 6 tags attached. Purified UER1, UGD1, UGP1, and UGP2 expressed in vitro possessed enzyme activities for the specific enzymatic reactions as expected, confirming their biochemical identities (supplemental Fig. 3, A-C) . 
Exogenous Ethylene and C24:0 Result in Accumulation of UER1, UGP1, and UGD1 at Protein and Transcript Levels-
Because ethylene is known to promote fiber elongation (7) and its production in cotton is regulated by C24:0 (12), we performed another set of comparative proteomics using 1-dpa cotton ovules treated with 0.1 M ethylene or 5 M C24:0 for 24 h (supplemental Fig. 4) . The levels of UER1, UGD1, and UGP1 increased significantly in wild-type samples after both treatments, whereas no such change was observed in mutant ovules (Fig. 2, A-C) . QRT-PCR analysis indicated that UER1, UGD1, and UGP1 transcripts increased significantly as soon as 3-6 h after inclusion of either chemical in wild-type ovule culture (Fig. 2, D-F) . UGP2 did not respond to either treatment at the protein or transcript level (Fig. 2, C and  F, lower panels) . By contrast, 48 -72 h were required for either chemical to promote significant fiber cell growth (Fig. 2G) . Addition of either UDP-Rha or UDP-GalA to ovule culture medium reversed the growth-inhibitory effect brought about by the ethylene perception inhibitor AVG (Fig. 2H) , indicating that ethylene promotes fiber growth mainly through activation of pectin biosynthesis.
Further QRT-PCR analysis revealed that all four bifunctional rhamnose synthase (RHM) isoforms, which may function alone to synthesize UDP-Rha, from the cotton genome were expressed at relatively fixed levels in the plant with no fiber preference (supplemental Fig. 5A ) and were not activated upon ethylene treatment (supplemental Fig. 5B ). These data suggest that additional UER activities, which depend on the UDP-D-Glc 4,6-dehydratase function of RHMs, may be required to sustain the specialized cotton fiber cell elongation.
Fiber Cell Walls Contain Significantly Higher Amounts of Pectic Components than Those of Ovule Cells-Consistent
with the highly preferentially accumulated proteins that synthesize two types of pectin precursors, elongating fiber cells contained higher amounts of pectin and less hemicellulose than both wild-type and fl mutant ovules harvested at the same growth stage (Fig. 3A) . GC/MS analysis of the noncellulose neutral sugars indicated that more rhamnose and arabinose were found per gram of fiber cell wall preparations, whereas more xylose and glucose were produced in ovule samples of both genotypes (Fig. 3B) . When purified pectin and hemicellulose were analyzed further using the same GC/MS program, most of the rhamnose and arabinose were present in the pectin fraction, whereas xylose and glucose were mainly in the hemicellulose fraction (Fig. 3C) . Fiber cell walls contained significantly higher levels of GalA than ovule samples, whereas very low and non-variable amounts of GlcA were present in all three samples (Fig. 3D) . Although the dimethyl sulfoxide added at the time of cell wall extraction may affect the solubility of various cell wall carbohydrates, the degree of influence should be the same to both wild-type and mutant cell walls.
Pectin Precursors Promote Cotton Fiber Growth-Because UDP-Rha, UDP-GlcA, and UDP-GalA are the primary nucle- otide sugar substrates used for pectic polymer biosynthesis (see the scheme provided in supplemental Fig. 6 that was reproduced with permission from Ref. 34 ), these substrates were exogenously applied to the ovule culture medium. Each substrate promoted significant fiber cell elongation (Fig. 4A) . By contrast, UDP-Glc promoted fiber cell elongation to a significantly lower degree when it was applied to the ovule culture medium (Fig. 4A) , indicating that the conversion from UDP-Glc to UDP-Rha or UDP-GalA is important for fiber growth. The same amount of UDP-Xyl (a precursor for hemicellulose) or free Rha, GlcA, and GalA was ineffective in the same growth assay (Fig. 4A) . UDP-GalA is synthesized from UDP-GlcA by the enzyme UDP-D-glucuronic acid 4-epimerase (GAE), which is a Golgi-localized protein (35) and is not part of our proteome. To determine a potential role for GAE in fiber cell growth, we cloned all five GAE homologs available in FIG. 2. Ethylene and C24:0 stimulate UER1, UGD1, and UGP1 accumulation both at mRNA and protein levels in wild-type cotton ovules. A, analysis of UER1 content after control (Air), ethylene (Eth), or lignoceric acid (C24:0) treatment. Protein samples prepared from 1-dpa wild-type ovule samples cultured in the presence of 0.1 M ethylene or 5 M C24:0 or in the absence of these chemicals (Air) for 24 h were loaded onto a series of 2-DE gels (supplemental Fig. 4) . Shown are representative protein spots 32 and 33 (following the same numbering system as in supplemental Fig. 1 ) upon the various treatments (upper panel) and quantification of the signal intensities reported as the sum of both spots (mean Ϯ S.E.) obtained from three independent 2-DEs (lower panel). Similar treatments were performed and reported using mutant (FL) ovules. B, analysis of UGD1 after control, ethylene, or C24:0 treatment. C, analysis of UGP1 and UGP2 after control, ethylene, or C24:0 treatment. B and C are arranged in the same way as A. D, QRT-PCR analysis of UER1 transcripts from WT ovules after 3, 6, and 12 h of control, ethylene, or C24:0 treatment. RNA samples from WT ovules were cultured for the same period of time without addition of ethylene or C24:0 were used as controls. E, QRT-PCR analysis of UGD1 transcripts upon control, ethylene, or C24:0 treatment. F, QRT-PCR analysis of UGP1 and UGP2 transcripts upon control, ethylene, or C24:0 treatment. Bars in D, E, and F are color-coded as in A. G, fiber lengths from in vitro cultured wild-type cotton ovules after ethylene or C24:0 treatment for a specified period of time (h). H, the inhibitory effect of AVG was significantly reversed by adding either 5 M UDP-Rha or 5 M UDP-GalA to the growth medium. All experiments were repeated three times using independent cotton materials and reported as mean Ϯ S.E. Error bars indicate standard deviations. See the legend to Fig. 1 for details regarding QRT-PCR and statistical performance. a cotton cDNA microarray (Gene Expression Omnibus (GEO) accession number GPL5476) containing 31,401 UniESTs in combination with data available from NCBI (www.ncbi.nlm. nih.gov/sites/entrez?termϭgossypium&cmdϭSearch&dbϭ nucest). QRT-PCR experiments indicated that the most actively transcribed GAE3 was highly preferentially expressed in fast elongating fiber cells (supplemental Fig. 7) . We also confirmed the functionality of GAE3 using an in vitro enzyme activity assay (supplemental Fig. 3D) .
Cotton Fibers Take Up Significantly More 14 C-Labeled Pectin Precursors than Do Ovule Cells-When cultured in the presence of various 14 C-labeled chemicals for 6 days, 30 -43% of the total radiolabel from UDP-Rha and UDP-GlcA was recovered in wild-type cotton ovules. By contrast, only about 20% of the initial label from UDP-Xyl was recovered in wildtype cotton ovules (Fig. 4B) . Mutant ovules took up significantly less of the initial label from each chemical in the same assay (Fig. 4B) , indicating that elongating fiber cells, not ovule cells, actively and selectively absorb nucleotide sugars that serve as immediate pectin precursors. Greater than 60% of the radiolabels from exogenous nucleotide sugar feeding experiments was recovered in cell wall extracts (Fig. 4C) with the majority of the radiolabels from UDP-Rha and UDP-GlcA found in pectin fractions and that of UDP-Xyl found in hemicellulose fractions (Fig. 4, D and E) .
Genetic and ovules harvested at 10 dpa (FL-O-10 and WT-O-10; middle and lower panels, respectively) were analyzed by GC/MS. Inositol (Ino) was added at the time of extraction as an internal control. The spectra represent results obtained from three independent experiments using different cotton materials. Ara, arabinose; Man, mannose; Glc, glucose; Gal, galactose. C, GC/MS analysis of neutral sugars from purified pectin (FB-10-Pectin; upper panel) and hemicelluloses (FB-10-Hemicellulose; lower panel) using 10-dpa fiber cell wall isolations. D, GC/MS analysis of uronic acid composition in non-cellulose cell wall fractions. The entire experiment was repeated three times using independent cotton materials, and the data are reported at the top of each corresponding peak as mean Ϯ S.E. (mg/g of cell wall).
FIG. 4. Growth stimulation and sufficient incorporation of applied nucleotide sugars into pectins.
A, phenotypes of wild-type ovules collected at 1 dpa and cultured in the presence of 5 M UDP-Rha, UDP-GlcA, UDP-GalA, UDP-Glc, or UDP-Xyl or in the same concentration of free Rha, GlcA, or GalA for 6 days. The measurements (mean Ϯ S.E. in mm) are shown below each representative ovule. * and ***, significant at p Ͻ 0.05 and p Ͻ 0.001 levels, respectively. None, no extra chemical added. B, wild-type cotton ovules with growing fibers took up significantly more 14 C-labeled nucleotide sugars than fl ovules. Chemical uptake was calculated by subtracting the radioactivity remaining in the medium and in the wash from the amount of radiolabels applied initially in each culture. Error bars indicate standard deviations. C, most of the radiolabel from the exogenous nucleotide sugar feeding experiments was recovered in cotton fiber cell walls. D, the majority of the exogenous UDP-Rha and UDP-GlcA was incorporated into pectic polymers. E, UDP-Xyl was incorporated mainly into hemicelluloses. erase 4-reductase 1 gene) and gae6-1 (At3g23820, encoding the Arabidopsis UDP-D-glucuronic acid 4-epimerase 6 gene), orthologs of cotton UER1 and GAE3, respectively, were obtained from Salk Institute Genomic Analysis Laboratory collections (Arabidopsis Biological Resource Center; http:// signal.salk.edu). In each line, a single T-DNA insertion, as verified by genomic PCR and subsequent Southern blot, resulted in complete loss of target gene expression (supplemental Figs. 8 and 9 ). Apart from being slower than the wild type in the initial stages of development (until reproductive growth), the mutants did not show significant changes of whole-plant architecture (Fig. 5A ). Similar observations were reported in a number of gaut1 Arabidopsis mutants that lack the enzyme to transfer D-galacturonic acid residues from UDP-GalA to the pectic polysaccharide homogalacturonan (36) . However, when we examined root hair growth, which is a result of rapid linear outgrowth of epidermal cells similar to cotton fibers, both these mutants showed significantly shorter root hairs than the wild type as observed in close-up views under a dissecting microscope (Fig. 5B) . When a functional genomic Arabidopsis UER1 clone (Fig. 5C, left) or the cotton UER1 cDNA (Fig. 5C, right) under the control of the same 1824-bp Arabidopsis UER1 upstream sequence was transformed into the uer1-1 genetic background, wild-type lengths of root hairs were observed (Fig. 5C ). The root hair phenotypes observed in gae6-1 were also genetically complemented by a functional genomic Arabidopsis GAE6 clone (Fig. 5D, left) or cotton GAE3 cDNA (Fig. 5D, right) controlled by the same 2002-bp Arabidopsis GAE6 upstream sequence (Fig. 5D) .
Complementation of Short Root Hair Phenotypes of uer1-1 and gae6-1 by Exogenous UDP-Rha or UDP-GalA-Wild
type-like root hairs were produced from uer1-1 plants when 5 M exogenous UDP-Rha was included in solid 1 ⁄2 Murashige and Skoog medium (Fig. 5E, left) . Likewise, 5 M exogenous UDP-GalA rescued the root hair phenotypes of gae6-1 (Fig.  5F, left) . Addition of UDP-GalA to uer1-1 plants or UDP-Rha to gae6-1 plants did not compensate for the growth deficit (Fig.  5, E and F, right) , suggesting that pectin precursors relevant to the respective biochemical steps are important for Arabidopsis root hair elongation. In either case, the same amount of free Rha or free GalA did not complement the hair growth deficits (Fig. 5, E and F, middle) .
Specific Combinations of Nucleotide Sugars Rescue Short Root Hair Phenotypes of Two Additional Arabidopsis
Mutants-Significantly shorter root hairs were found in two additional Arabidopsis mutant lines, ein2-5, a mutant in ethylene signaling (37) , and cut1, a mutant in the very-long-chain fatty acid biosynthesis pathway (38) that is necessary for activating ethylene production during cotton fiber growth (12) . Using total RNA prepared from the roots of ein2-5 and cut1 mutants, we found that the expression of both UER1 and GAE6 was significantly reduced in each mutant background (Fig. 6, A and  B) . A similar inhibitory pattern of UER1 and GAE6 expression is found in large scale microarray experiments using mutant RNA samples (https://www.genevestigator.com/ and https://www. weigelworld.org/resources/microarray/AtGenExpress/). Significant elongation of ein2-5 and cut1 root hairs was observed when 5 M UDP-Rha or UDP-GalA was applied to solid 1 ⁄2 Murashige and Skoog medium (Fig. 6, C and D) . In either case, addition of one nucleotide sugar did not result in wildtype root hair lengths on the mutant. The same amount of UDP-Xyl in the medium showed no effect on the growth of root hairs of either mutant (Fig. 6, C and D) . A combination of 5 M UDP-Rha and 5 M UDP-GalA resulted in wild-type root hair lengths of both ein2-5 and cut1 plants (Fig. 6E) . By contrast, addition of 10 M UDP-Rha or UDP-GalA alone did not produce the same stimulatory effect (Fig. 6, F and G) , suggesting that different types of nucleotide sugars synthesized via UGP/UER and UGD/GAE are necessary for Arabidopsis root hair growth. DISCUSSION A total of 104 polypeptides, with 93 preferentially accumulated in wild-type and 11 preferentially accumulated in mutant samples, were identified by comparing the 2-DE maps of these cotton materials. Analysis of the identified biochemical reactions, with reference to the Arabidopsis genome, revealed that nucleotide sugar metabolism was activated most significantly during cotton fiber cell elongation. Fiber-preferential accumulation of UGP was also reported previously (39) . Upregulated protein spots with positions similar to UER, UGP, and UGD were clearly recognized when the 2-DE images of Li et al. (18) were examined. In-depth biochemical and physiological studies indicated that the rate of pectin biosynthesis, not general cell wall polysaccharide biosynthesis, may play a key role in sustaining the fast and exaggerated fiber elongation because only pectin precursors promoted fiber growth in cultured cotton ovules.
Two previous cotton fiber proteomes (18, 40) identified proteins by searching the database against known polypeptides or ESTs in all plant species or other organisms. Another group used a locally constructed 376,100 Gossypium EST database to search for cotton polypeptides (39) . However, even this group did not produce full-length cotton cDNAs to reconfirm the identified proteins, whereas all the currently identified proteins, except for ␣-1,4-glucan phosphorylase (spot 22), were confirmed by putative full-length cotton cDNAs (Table I) . As shown in supplemental Table 4 , no significant qualitative difference was observed when comparing the current proteome with that reported by Yang et al. (40) and Zhao et al. (39) , who both used a modified protein extraction protocol (41) . The Ligon lintless (Li 1 ) mutant and the fl mutant were used by Zhao et al. (39) and in the current work, respectively, to elucidate fiber growth mechanisms. Li 1 produces extremely shortened lint fibers of 6 mm in final lengths compared with 30 mm generally produced from wild type. Fibers on Li 1 ovules grow normally for ϳ5-7 days and are terminated around 13 dpa. Zhao et al. (39) suggested that the fiber elongation defect of this mutant might constitute a unique feature to fish out proteins important for this process. However, fiber growth in Li 1 is not null, and mechanisms controlling cell elongation, such as the ones discovered here by using the fl mutant, are likely actively operating early in the development. This may obscure the detection of key components regulating fiber elongation through a proteomics approach.
UDP-Rha is used for the synthesis of plant cell wall pectic polysaccharides and of some glycoproteins (42) . Matrix polysaccharides (mainly pectins and hemicelluloses) are important constituents in the cell walls of developing fibers that may account for 30 -50% of the total sugar content in these cells but decrease to less than 3% in the secondary cell wall thickening stage (43) . Five functional copies of the UDPglucose 4-epimerase (UGE) genes that synthesize UDP-Gal from UDP-Glc are found in the Arabidopsis genome. Genetic and biochemical studies showed that single mutants, such as uge4, and multiple mutants, such as uge2, 4, uge1,4 , and uge1,2,4, develop very short roots, whereas other double or triple mutants displayed stunted morphology due to a failure in cell wall polymer biosynthesis (44, 45) . Experimental data obtained by studying a different set of UGEs involved in the synthesis of D-Gal, termed REB1/RHD1 for root epidermal bulger 1 or root hair defective 1, revealed that galactosylation of xyloglucan, a different primary cell wall polymer, is required for some types of cell expansion (46, 47) . Evidence has also been produced for at least some of the galacturonosyltransferases (GAUTs), which transfer GalA from UDP-GalA to the pectic polysaccharide homogalacturonan, to play a role in seed mucilage expansions (36) . A mutation in the Arabidopsis Rab GTPase RABA4D disrupts normal pollen tube growth by altering the pattern of pectin deposition so that it is no longer present exclusively in its growing tip (48) . These data suggest that the biosynthesis of nucleotide sugars is important for certain types of cell growth, such as the rapid linear elongation found in cotton fiber, Arabidopsis root hairs, and pollen tubes.
Sucrose synthase (Sus; EC 2.4.1.13) is encoded by one of the earliest up-regulated cotton genes during fiber initiation and elongation (49, 50) . Sus is preferentially expressed in elongating fiber cells, but not in adjacent normal epidermal cells, and it is induced significantly upon exogenous ethylene treatment (7) . Antisense suppression of Sus expression results in reduced hexose levels and osmotic potential in ovules of transgenic plants, leading to a fiberless phenotype (50) . These authors proposed that suppression of Sus expression impairs the fiber cell wall integrity by reducing the supply of UDP-Glc essential for the synthesis of cellulose and many non-cellulose cell wall components (50) . However, cellulose biosynthesis, which uses UDP-Glc as the primary substrate, is very slow in the early phases of fiber development, and the amount of cellulose increases only after the onset of the secondary wall synthesis around 15-20 dpa (3, 51) . Therefore, biosynthesis of pectin precursors, which is activated early in the development (Fig. 1) , may be responsible for utilizing the large amounts of UDP-Glc initially produced by Sus throughout the primary cell wall synthesis and fiber elongation stages. Cellulose biosynthesis may cut in at the end of the primary cell wall extension period to utilize the UDP-Glc continuously produced by Sus and UGP for secondary cell wall biosynthesis and deposition.
Recent literature indicate that ethylene may act as a positive regulator for cotton fiber cell elongation as well as for Arabidopsis root hair, apical hook, and hypocotyl development (7, 33, 52, 54, 55) . Arabidopsis mutants deficient in ethylene responses have significantly shorter root hairs, whereas exogenous application of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid results in longer or ectopic root hairs (56, 57) . Ethylene regulates Rumex palustris petiole elongation by modulating the expression of the cell wall protein EXP1 (58) . In arrowhead tubers (Sagittaria pygmaea), ethylene enhances the accumulation of transcripts encoding the hemicellulose modification protein endotransglucosylase hydrolase (SpXTH1) after 12 h of incubation with a stimulatory effect on shoot elongation under ambient air or 1% O 2 conditions (59). Exogenous ethylene was used to restore the biosynthesis of galactose-containing xyloglucan and arabinosylated galactan cell wall polymers back to wildtype levels in the Arabidopsis rhd1 mutant, which produces no root hair due to the loss of a functional UGE4 gene (53) . Taken together with our results, we conclude that ethylene participates in the regulation of specific types of cell growth by activating genes involved in cell wall polymer biosynthesis, metabolism, or transport.
